Abstract. 149 Pm, 161 Tb, 166 Ho, and 177 Lu have advisable nuclear properties to be used in radiotherapy. They can be produced by neutron -decay and a posterior radiochemical separation of micro-amounts of daughter radionuclide from macro-amounts of the parent target. In order to accomplish the radiochemical separation of micro-macro systems: Nd/ 149 Pm, Gd/ 161 Tb, Dy/ 166 Ho and Yb/ 177 Lu, this work proposes the use of an extraction chromatographic with Ln SPS resin. Distribution coefficients and separation factors were determined and established the separation conditions of these micro-macro systems. 161 Tb y 177 Lu poseen propiedades nucleares apropiadas para ser utilizados en medicina nuclear. Estos radiolantá-nidos pueden ser producidos por irradiación de neutrones del blanco, -y posteriormente la separación radioquí-mica de macro-cantidades de los blancos de las micro-cantidades de los radionuclides hijos producidos por decaimento. Con el fin de establecer la metodología de separación radioquímica de los sistemas micro-macro: Nd/ 149 Pm, Gd/ 161 Tb, Dy/ 166 Ho y Yb/ 177 Lu, se determinaron los coeficientes de distribución y factores de separación de estos sistemas en la resina Ln SPS. Se presentan las condiciones de separación de estos sistemas.
Introduction
Radioactive lanthanides such as 149 Pm, 161 Tb, 166 Ho and 177 Lu, have a great potential in radiotherapy because they are beta or Auger-electron emitters with just enough gammas to enable imaging, with half-lives long enough to allow preparation and distribution of the radiopharmaceuticals, and can be prepared at high specific activities (carrier-free) [1, 2] .
Carrier-free radiolanthanides of high specific activity can be produced in nuclear reactors via neutron irradiation of massive lanthanide targets (>1 mg), as described in the reaction 1, followed by a radiochemical separation of the daughter radionuclide ( Ln 
The difficulty in separating micro from macro-amounts of irradiated target are particularly arduous because lanthanides show great similarities in their chemical properties due to lanthanide contraction: the atomic size or ionic radii of tripositive lanthanide ions show a steady and gradual decrease with the increase in atomic number from La to Lu. A lot of works on lanthanides separation by liquid-liquid extraction have been reported and examined for improving the extraction and separation of individual rare earths, using as primary extractants: di(2-ethylhexyl)orthophosphoric acid (HDEHP), tributyl phosphate (TBP), carboxylic acids (naphthenic acids: n-hexanoic, n-octanoic, 3-cyclohexylpropanoic, iso-nonanoic, cyclohexanecarboxylic acids, 2-ethylhexanoic, 2-methyl-cyclohexanecarboxylic, 2,2,3-trimetylbutanoic, 2-butyl-2-ethylhexanoic, versatic, amines, etc. [10] [11] [12] . Nevertheless solvent extraction poses environmental problems because a large amount of organic solvent is inevitably used, due to the number of stages for solvent extraction cascades or batteries increases with the rise in purity of each individual rare earth produced. Further purification of micro-macro amounts of rare earths into the high ninety-nines purity are usually carried out by ion exchange and/or chromatographic techniques [1, 5, 9, 10, [13] [14] [15] . Ion exchange currently used for lanthanides separation: however these procedures are either slow or give only partial separation or are unsuitable at high levels of activity [3, 7, 9, 12, 16, 17] . For example, 166 Ho has been separated from mg quantities of Dy tarpH = 4.3 as eluent, and purified with a cation exchange column from HCl solutions. This separation was achieved around 2 h, with a radiochemical yield of 95% and a radionuclide purity 166 Ho of 99.9 % [1, 9] . 177 Lu from Yb target has been performed by Na(Hg) amalgam from Cl /CH 3 COO electrolytes, followed by a final cation exchange purification. The cementation separation process provides a decontamination factor of Yb(III) of 10 4 , the cation exchange purification adding a decontamination factor of >10 2 and is performed within 4-5 h. The radiochemical yield of this process is about 75% [6] . In the case of 161 Tb, an isolation of 80 to 90% of 161 Tb from massive 160 Gd targets with a decontamination factor from gadolinium >10 5 has been achieved using a cation exchange resin Aminex AG 50W-X8 cation exchanger to produce a 0.04 M HCl solution [3] . The extraction chromatography column is becoming widely advantageous in the separation of very similar ions such as lanthanides because it couples the favorable selectivity features of the organic compounds used in liquid-liquid extraction, with the multistage character of a chromatographic process [18] . In addition, extraction chromatography is a fast, efficient technique and generates less waste than other separation technique. The organic phosphorus compounds that are most frequently used as stationary phases in the lanthanides separation are HDEHP, TBP, Diphenyl(dialkylcarbamoylmethyl) phosphine oxides, etc., however the best separation factors (> 2.5) between adjacent rare earths are obtained with HDEHP as stationary phase fixed in Kiselguhr, Corvic (poly(vinyl chloride-vinyl acetate)copolymer), Kel-F (polychlorotrifluoroethane), Zorbax-SIL,(porous silica), PMS (polymethysilane) or Celite® (diatomaceous earth) and as mobile phases solutions containing acids (HNO 3 , HCl, HClO 4 ) [1, 5, 13, [19] [20] [21] [22] . In general, the separations of all the rare earth elements at a tracer level on HDEHP-solid support are satisfactory by gradient elution; however some difficulties have been reported in the separation of consecutive lanthanides such as: Nd-Pm, Dy-Ho and Yb-Lu depending on the type of support used and the column length [20] [21] [22] . Ketring performed a very neat separation of Nd/Pm, Dy/Ho and Yb/Lu using the Ln % by weight) supported on an inert polymeric absorbent (60 % by weight), nervertheless the precise conditions of these separations have not been reported [5] .
The objective of this work was to establish a radiochemical method to separate the carrier free radiolanthanides:
149 Pm, 161 Tb, 166 Ho and 177 Lu from irradiated natural targets (Nd, Gd, Dy and Yb), using an extraction chromatographic resin. Horwitz reported distribution coefficients (K d ) versus nitric acid only for Pm, Gd, Tb and Lu using HDEHP on a hydrophobic support, thus distribution coefficients for Nd, Dy, Ho and Yb were determined in this work as well as those of Pm, Gd, Tb and Lu under our experimental conditions and compared with the values reported by Hotwitz [19] . Thus, the parent lanthanide of the parent/daughter pairs: Nd/Pm, Gd/Tb, Dy/Ho and Yb/Lu, will be eluted at first during the chromatographic separation process. The Kd values of Pm, Gd, Tb and Lu are in good agreement with those reported by Hotwitz [19] . Table 1 presents the mathematical equations that express the behavior of the Kd values of Nd, Pm, Gd, Tb, Dy, Ho, Yb and Lu shown in Figure 1 , which present an parabolic behavior.
and Yb/Lu
The separation factors ( ) of the Nd/Pm, Gd/Tb, Dy/Ho and Yb/Lu pairs were calculated from their Kd values by using the mathematical expressions depicted in Table 1 . The values obtained then were plotted as a function of HNO 3 concentration ( Figure 2 ) and their respective mathematical equations are shown in Table 2 .
are identical and they are not able be separated. So, the greater - 
Selection of separation conditions of the Nd/Pm, Gd/ Tb, Dy/Ho and Yb/Lu pairs
In principle, it is feasible to separate the Nd/Pm, Gd/Tb, Dy/ Therefore, the best separation performances are essentially obDaughter/Parent values (>>1); however it is also important to consider the HNO 3 volume used to elute lanthanides, which is closely dependent on the Kd values. Distribution coefficients higher than 200 impose the use of large volumes of eluent and also require more time to achieve an efficient separation. For this reason, the separation conditions of the Nd/Pm, Gd/Tb, Dy/Ho and Yb/Lu pairs were selected than 200 were found. HNO 3 concentration ranges chosen to select the separation conditions for each parent/daughter pair are shown in Table 3 .
Separation of the Nd/Pm, Gd/Tb, Dy/Ho and Yb/Lu pairs
The separation tests of the parent/daughter pairs at HNO 3 concentrations stated in Table 3 , were determined following the same methodology described in section 4.1. The separation efficiencies of the parent/daughter pairs and the radionuclide purity of daughters obtained are shown in Table 4 . Highest separation efficiencies and radionuclide purities of more than 99.9% were selected as the optimal separation conditions of each parent/daughter pair. Thus, the separation conditions selected for each pair are shown bolded in Table 4 and the respective elution profiles in Figure 3 . Gadolinium and Terbium were separated with an efficiency of 100% using 22 mL of 0.8 mol/L HNO 3 and 18mL of 3 mol/L HNO 3 to recover Gd and 161 Tb respectively, with a 100% radionuclide purity for 161 Tb. In the case of Neodymium and Promethium, the use of 106 mL and 30 mL of 0.18 and 1.5 mol/L HNO 3 , respectively, is required to achieve a separation efficiency of 98.4 % and a 149 Pm radionuclide purity of 99.9%. Dysprosium and Holmium separation was attained with an efficiency of 100% by using 50 mL and 35 mL of 1.4 and 3 mol/L HNO 3 respectively, and 100% pure 166 Ho was obtained. Finally, Ytterbium and Lutetium were separated with an efficiency of 89.7% by using 165 mL of 3.4 mol/L HNO 3 to obtain Ytterbium and 55 mL of 8 mol/L HNO 3 to recover the 177 Lu at a 99.9% radionuclide purity. In order to get a 177 Lu radionuclide purity higher than 99.9%, the first 6 mL of the 177 Lu eluate were removed (See Figure 3) .
Discussion
The production of carrier-free 149 Lu from the macro-amounts of the neodymium, gadolinium, dysprosium and ytterbium targets [3] [4] [5] [6] [7] [8] [9] . However, Nd, Gd, Dy and Yb natural targets were irradiated in this work, producing the nuclear reactions listed in table 5. The radioisotopes used to follow the separation processes of Nd/Pm, Gd/Tb, Dy/Ho and Yb/ Lu pairs and to determine the distribution coefficients of these Thus Kd determinations and Nd/Pm separation process were performed with Nd-147. Pm can be evaluated with any radioisotopes produced by decay (Pm-147, 149 and 151); however the best option is Pm -151 at 340 keV with a relative intensity of 100% because the low relative intensity of gamma-rays emitted by Pm-147 and Pm-149 (<0.01%).
(B) For Gadolinium/Terbium: target irradiation for 15 minutes produces Gd-153 (241.6 d), Gd-159 (18.6 h) and Gd-161(3.2 min). The latter disappears after 30 min and Gd-153 requires longer counting times for its half-life, therefore Gd-159 was chosen and measured at 363 keV (100%). Only one terbium radioisotope is produced by the Gd irradiation and its decay: Tb-161.
(C) For Dysprosium/Holmium: Dy-157 (8.2 h), Dy-159 (134 d), Dy-165(1.25 min) and Dy-166 are produced during irradiation of dysprosium target. Dy-165 decays at 10 minutes, Dy-159 activity produced is very low and requires long counting time, while the 82 keV gamma-ray of Dy-166 can interfered with the gamma-rays emitted by Ho-166, therefore, Dy-157 was selected and counted at 326 keV (100%). Ho-166 is the only one holmium radioisotope generated. 2 d) and Yb-177 (1.9 h) and after 7 d decay to generate Lu-177, Yb-177 disappears and Yb-175 decays considerably. Lu-177 is the only one lutetium radioisotope generated in the irradiation-decay process. Therefore Yb-169 and Lu-177 were selected to follow Yb/Lu separation process.
One of the mechanisms postulated for the extraction adduct between a lanthanide ion and HDEHP (reaction 2) can be divided into two steps: the formation of extractable species in aqueous phase (reaction 3), and its partition between the two phases (reaction 4), considering that HDEHP exists as a dimmer [18] : 
(barred symbols denote the organic phase and Ln lanthanides (III)). The distribution ratio of lanthanides can be given as:
Thus, the two essential factors determining the magnitude of distribution coefficient are: complex formation and the partition between the two phases. Extraction is greater for that lanthanide which more readily forms an extractable complex can be then expressed as a function of the partition coefficient (P) and the stability constant of the complex (K c ), substituting the constants into the above equation yields the following simplified form:
In accordance with expression 6, the lanthanides's distribution coefficients follow a linear function form, where the constant and the linear coefficient correspond to logZ, where Z represents the sum of P, Kc and HDEHP concentration, considering that HDHEP is constant, and -3log[H+] (equation 6) respectively. However, the mathematical expressions of lanthanides's Kd, shown in Table 1 On the other hand, in the case of Yb and Lu, the logP values and the quadratic coefficient constants are approximately double that for the rest of lanthanides, while their linear coefficient constants are three times greater than that obtained for the other lanthanides.
The extractability of HDEHP is highly dependent upon the acidity of the aqueous phase, and the distribution coefficients of lanthanides substantially increase with Z and the concentration of the nitric acid (See Figure 1) because the changes in the stability constant with Z. Larger stability constant for the complex Ln[H(DEHP) 2 ] 3 , results in a larger concentration of extractable species in the aqueous phase and consequently a larger distribution coefficient. Therefore, the order of elution of consecutive lanthanides is proportional to Z: Nd is eluted first Pm, Gd first Tb, etc. (see Figure 3) . This order favors the separation between micro-amounts of the daughter radioisotope from the macro-amounts of lanthanide target because the chromatographic column retains the micro-component while the macro-component is in the meantime eluted away. However, when a stationary phase is loaded with macro-amounts of retained elements, variations of its retention features may often occur. Distribution coefficients usually are referred to the extraction of micro or even tracer amounts of metals and it is known that the behaviour of many extractants at such metal levels can be quite different from that shown at high organic phase loading conditions [18] . Thus, the distribution coefficients of Nd, Pm, Gd, Tb, Dy, Ho, Yb and Lu were determined under the same conditions used in the separation of pairs: Nd/ Pm, Gd/Tb, Dy/Ho and Yb/Lu. These values are in accordance with those reported by Horwitz et. al. for Pm, Gd, Tb and Lu, using undiluted HDEHP on Celite at 50°C [19] .
Distribution coefficients are "suitable" for chromatographic separations of lanthanides not only when they result in an advantageous separation factor for the neighbor lanthanides, but also when they are not so low or high so as to prevent the separation of elements or their recovery into acceptable eluent volumes [18] . Therefore, the values of the distribution coefficients selected to desorb the daughter radioisotopes: 149 Pm, 161 Tb and 166 Ho were less than 20 in order to recover it at the smallest possible volume. In the case of 177 Lu, the minimum value of Kd is about 100 as shown in Figure 1 , for this reason its eluate volume is higher than 50 mL.
As regards the mathematical function of alpha (See Table  2 ), it is important to note that: Exponential and polynomial models were applied to alpha data in order to find the mathematical function that gives the best approximation to our re-sults. All alpha data fit with the exponential model presented a SSR > 0.999, however a best approximation of Nd/Pm data (SSR=1) were obtained in the polynomial model. This difference could be explained in terms of lanthanide contraction, which causes a decrease in atomic and ionic size from La to Lu. Therefore, the chemical properties of Nd and Pm (light lanthanides) in aqueous solution vary slightly to those of Dy to Lu (heavy lanthanides).
